The residual antibiotic concentration of vancomycin (2 mg/ml)-or ceftazidime (2 mg/ml)-heparin solutions instilled in ports in pediatric hematology-oncology patients 1 to 34 days earlier was measured. Antibiotic concentrations of >100 g of either antibiotic per ml persisted for at least 21 days. For treatment of lumenal port infections, antibiotic-heparin dwell times of >2 weeks may be appropriate.
The residual antibiotic concentration of vancomycin (2 mg/ml)-or ceftazidime (2 mg/ml)-heparin solutions instilled in ports in pediatric hematology-oncology patients 1 to 34 days earlier was measured. Antibiotic concentrations of >100 g of either antibiotic per ml persisted for at least 21 days. For treatment of lumenal port infections, antibiotic-heparin dwell times of >2 weeks may be appropriate.
Totally implantable venous access devices ("ports") are surgically placed silicone central venous catheters designed for long-term use that require maintenance with a heparin flush once every 4 weeks when not being accessed. The cure rate of port-related bloodstream infection (PRBI) with systemic antibiotic therapy through the catheter without device removal is as high as 80% (2, 9, 15, 18) . Messing et al. (14) developed the antibiotic-lock technique (ALT), a novel approach to treating catheter-related bloodstream infections in which an antibiotic is instilled ("locked") in the catheter and is replaced daily. ALT has been used alone or as a follow-up to systemic antibiotic therapy to treat infected tunneled catheters of the Broviac-Hickman type (3, 11, 12, 14, 17) or ports (4, 6, 8, 10, 11) . Since ports need only a monthly heparin flush rather than the daily flush required for Broviac-Hickman catheters, PRBI can potentially be treated by the ALT leaving the antibiotic intralumenally for days to weeks. In vitro study of the stability of five antibiotic-heparin solutions potentially useful for ALT showed that four of them retained greater than 90% activity after 10 days (1). To determine the feasibility of studying the treatment of PRBI with an antibiotic dwell time of days to weeks, we measured the concentrations of vancomycin and ceftazidime after their installation in ports for prolonged time periods.
Patients aged 2 months to 21 years with functioning ports (for infusing and withdrawing blood) in place for at least 2 weeks were recruited from the pediatric hematology-oncology division at the Schneider Children's Hospital. Informed consent and informed assent (if older than 9 years of age) were obtained from all participants. Exclusion criteria were as follows: (i) patients requiring their next via-port infusion sooner than 48 h; (ii) current port infection or evidence of acute illness such as fever, rash, or systemic symptoms; and (iii) current or anticipated antibiotic therapy. The following data were recorded for each patient: age, sex, underlying disease, date of port placement, and port type.
Standard clinical powder of antibiotic (vancomycin [500 mg; Eli Lilly & Co., Indianapolis, Ind.] or ceftazidime [1 g; Glaxo Wellcome Co., Research Triangle Park, N.C.]) was hydrated and diluted in sterile water and mixed with heparin solution to achieve a final concentration of 2 mg and 100 U of heparin per milliliter of antibiotic and heparin, respectively. Then, 3 ml of the solution was instilled into each accessed port and allowed to dwell for 2 to 34 days. The dwell duration was determined by the clinical need to access the port. The first 0.2 to 1.0 ml of the aspirated fluid from the accessed port was taken for assay of residual antibiotic activity and hemoglobin (for bloody specimens; Abbott Cell-Dyn 1400; Abbott Laboratories, Abbott Park, Ill.). The following data was recorded: the heparin-antibiotic dwell time, the volume of aspirated fluid, the gross appearance of fluid (bloody, blood-tinged [slightly discolored], or clear), and the peripheral blood Hb. Antibiotic assays were performed on the specimens or on an appropriate dilution of the specimens within 12 h. Vancomycin levels were measured by a fluorescence polarization immunoassay (Abbott Laboratories) after sample dilution of up to 1:100 with TDx buffer. The coefficient of variation in our laboratory is Ͻ2%. Ceftazidime concentrations were assayed by using a bioassay by a disk diffusion method and a susceptible bacterium (Escherichia coli ATCC 25922) (5) with inoculation of 6-mm-diameter paper disks in triplicate with 0.01 ml of test fluid or ceftazidime (8 to 2,000 g/ml)-heparin solution. Zones of inhibition were measured with a micrometer on a photocopy of the agar plate, and a standard curve was constructed. The correlation coefficient (r) of the standard curves for 13 trial sets ranged from 0.9907 to 0.9995 (median, 0.9972); the sensitivity was 8 g/ml. The reproducibility of the interassay zone-of-inhibition measurements demonstrated means Ϯ standard deviation values of 30.6 Ϯ 2.2 mm, 29.0 Ϯ 1.8 mm, and 12.7 Ϯ 1.1 mm for concentrations of 1,000, 500, and 16 g/ml, respectively.
For bloody samples, a corrected antibiotic concentration was calculated according to the following formula: corrected antibiotic concentration ϭ measured antibiotic concentration/(1 Ϫ [Hb sample /Hb peripheral blood ]). Ten patients (five males) with a median age of 5 years (range, 2.5 to 9 years), all with a double lumen port of the same brand (Life Port; Horizon Medical Products, Manchester, Ga.) in place for a median duration of 10 months (range, 3 to 20 months), participated in the study. Eight of the patients had acute lymphoblastic leukemia, one had an optic glioma, and one had sickle cell disease. Of 72 instilled samples, 40 (56%) were analyzed (22 [65%] of the 34 vancomycin samples and 18 [47%] of 38 ceftazidime samples). A number of samples were not analyzed because samples (i) could not be withdrawn from the port (15 total), (ii) were obtained at an inconvenient time (weekends or vacation times) (8 total), or (iii) were inadvertently discarded (9 total). A total of 29 (70%) samples appeared bloody (Hb range, 1.2 to 9.5 g/dl; median, 6.4 g/dl), 5 were blood tinged, and 6 were clear. Sample volumes ranged from 0.2 to 1.0 ml (median, 0.4 ml). In two cases (both with vancomycin), the samples appeared bloody, but their volume was insufficient to measure Hb concentration and correct the concentration for dilution by blood.
The dwell time of vancomycin ranged from 4 to 28 days, with a median of 17 days. Vancomycin concentrations ranged from 85 to 919 g/ml (median, 253 g/ml), and corrected sample concentrations ranged from 136 to 1,280 g/ml (median, 488 g/ml; Fig. 1 ). Thus, all corrected vancomycin samples had a concentration of Ͼ130 g/ml. There was no correlation between the vancomycin dwell time and the vancomycin concentration (r ϭ Ϫ0.05, P ϭ 0.83). In two additional patients, vancomycin was assayed in specimens withdrawn from each of the two lumens 3 to 15 min after installation. The mean vancomycin concentration was 60% lower (individual specimen results were 27, 28, 84, and 85% lower) than the instilled vancomycin concentration.
The ceftazidime dwell time ranged from 2 to 34 days, with a median of 17 days. The measured concentrations and corrected concentrations ranged from Ͻ8 to 1,116 g/ml, and the median concentrations were 92.5 and 196.5 g/ml, respectively (Fig. 2) . There was a significant inverse correlation between the ceftazidime dwell time and the ceftazidime concentration (r ϭ Ϫ0.87, P Ͻ 0.0001). All samples with dwell times of Յ15 and Յ21 days had corrected antibiotic concentrations of at least 234 and 110 g/ml, respectively. No adverse reactions were noted during the antibiotic dwell with either antibiotic.
In seven instances, samples were simultaneously aspirated from both lumens of the same port. For each pair, the percent differences in the antibiotic concentrations were 0, 2, 2, 4, 19, 26, and 26%.
We found that after the installation of vancomycin at an initial concentration of 2,000 g/ml, a concentration of at least 130 g/ml was maintained for up to 28 days. Although the residual vancomycin concentrations varied over an ϳ10-fold range, there was no significant decrease over time. In addition, a substantial decrease in vancomycin concentration was seen in samples obtained Յ15 min after instillation. These observations support the concept that the lower residual vancomycin concentration is not due to vancomycin inactivation but may be due to mechanical factors relating to obtaining the specimen or vancomycin loss into the bloodstream or by adherence to the catheter wall or reservoir inner surface. This interpretation is supported by an in vitro study of antibiotic stability that found vancomycin stability to be Ն93% for at least 10 days at 37°C (1). The coefficient of variation of Ͻ6% in the assay is unlikely to account for the variability in vancomycin concentration over time.
In contrast to vancomycin, the residual intraluminal ceftazidime activity was found to significantly decrease with time. This is likely to reflect a loss of ceftazidime activity due to limited drug stability. This observation correlated with in vitro studies of ceftazidime stability in which ceftazidime activity decreased by 40% after 10 days at 37°C (1) .
The duration of continuing daily antibiotic lock in successfully treated patients has ranged from 7 to 21 days, with an instilled antibiotic concentration generally 25 to 5,000 times the MIC at which 90% of the isolates tested are inhibited (MIC 90 ) for the pathogen (3, 11, 13, 14, 17) ; only Krzywda et al. used much higher concentrations (12) . The concept underlying successful use of ALT in treating tunneled catheter-related infection is that a high intralumenal antibiotic concentration delivered to the inner surface of the bacterial-colonized catheter (the apparent source of the bloodstream infection) for a long contact time can kill the bacteria (13 manner, with the cure of infection correlating with bacterial exposure to an antibiotic concentration greater than the MIC for over 40 to 50% of the time (7). Vancomycin activity is maintained for at least 21 days at a concentration of Ͼ100 times the MIC 90 for susceptible organisms. The MIC of most susceptible gram-negative bacilli to ceftazidime is Յ8 g/ml. Hence, ceftazidime activity was maintained for 15 days at a concentration that is at least 29 times the MIC 90 for those organisms (16) . It is possible that an antibiotic concentration manyfold higher than the MIC 90 may be required for sufficient antibiotic to penetrate the slime layer or other biomaterial on the catheter surface to achieve an antibiotic concentration exceeding the MIC 90 for bacteria deep in the biofilm.
Although one study showed clinical success with antibiotic concentrations in the range of thousands of times the MIC (3), it was unknown if such concentrations persist for more than a few hours and if lower antibiotic concentrations would suffice for successful therapy. Our study found that intralumenal vancomycin and ceftazidime concentrations many times the MIC 90 for most susceptible organisms persist for at least 2 weeks establishes that substantial concentrations persist in vivo for the typical duration of treatment of catheter infection. The findings provide the rationale for clinical studies to evaluate the efficacy of intralumenal antibiotic dwell times of 2 to 3 weeks for the treatment of PRBI using ALT and to monitor the safety of this treatment and the potential emergence of antibiotic-resistant bacteria.
